Introduction
============

Butyrylcholinesterase (BChE, EC 3.1.1.8) is present in all mammals, synthesized by the liver and secreted into the circulation. BChE is abundant in the bloodstream, but is also widespread elsewhere in the body, including the brain, skin, muscles, intestine, lung, stomach, spleen, kidney, heart, thyroid and spinal cord.^[@bib1]^ BChE previously attracted attention as a bioscavenger of drugs and organophosphate or carbamate insecticides.^[@bib2]^ Recent findings point toward a more specific physiological role in hydrolyzing the appetite-promoting hormone, \'ghrelin\'.^[@bib3],\ [@bib4]^ Ghrelin is an acylated peptide released mostly by the stomach, but it crosses the blood--brain barrier to communicate with central rewarding systems.^[@bib5]^ BChE modulates ghrelin\'s biological functions by cleaving the peptide\'s *n*-octanoyl group, leaving an inactive desacyl peptide.^[@bib6],\ [@bib7],\ [@bib8]^ Thus, BChE orchestrates many physiological pathways involving ghrelin.

Large clinical studies have reported that low serum BChE serves as a biochemical marker in clinical conditions involving hepatocellular impairment from acute and chronic liver damage, cirrhosis and liver metastases.^[@bib9]^ Low plasma BChE levels are also found in protein--energy malnutrition and inflammatory states.^[@bib10]^ On the contrary, plasma BChE activity is elevated in obese subjects and patients with type 1 or type 2 diabetes.^[@bib10],\ [@bib11]^ High plasma BChE activity is associated with aberrant lipid profiles, insulin resistance and hypertension.^[@bib11],\ [@bib12]^ Together, these findings suggest a role for BChE in many metabolic functions and, possibly, in the insulin resistance syndrome. However, it is not known whether high BChE levels are a cause of such metabolic lesions, or whether they are a response to them.

In light of BChE\'s impact on ghrelin regulation and its altered expression in obese and diabetic patients, we hypothesize that it serves to adjust energy balance, especially on rich diets. To investigate physiological roles of BChE, 10 years ago, Lockridge and co-workers^[@bib13]^ generated the first BChE knockout (KO) mice. Their only observed phenotype was readily growing obese on high-fat diets.^[@bib14]^ We recently confirmed that result while also revealing that their plasma ghrelin was 50% higher.^[@bib15]^ However, this effect was completely suppressed by one systemic injection of adeno-associated viral vector coding for BChE. Surprisingly, however, although treated KO mice retained healthy weight and normal calorie intake, they still developed hyperinsulinemia.^[@bib15]^ A plausible explanation is that systemic BChE vector injection elevates enzyme only in the periphery, leaving nonexistent BChE in the brain. Here, we used bilateral vector brain injections to dissect the functional roles of peripheral and central BChE in regulating body fat as well as insulin secretion.

Materials and methods
=====================

Animal subjects and ethics
--------------------------

Adult male wild-type C57BL/6 and BChE KO mice of the same strain were obtained from Jackson Labs (Bar Harbor, ME, USA) under protocol A53015 approved by Mayo Clinic\'s Institutional Animal Care and Use Committee. Experiments were conducted in accord with the Guide for Care and Use of Laboratory Animals^[@bib16]^ in a facility approved by the American Association for the Accreditation of Laboratory Animal Care. Under our protocol, 1-month-old mice with initially similar body weight were fed for 6 months on a diet containing 45% calories from fat, 20% from protein and 35% from carbohydrate (Research Diet).

Intravenous injection
---------------------

Complementary DNA encoding luciferase (Luc) or mouse BChE was subcloned into an adeno-associated virus (AAV) backbone. The resulting transfer vectors were co-transfected into HEK293T cells with helper vectors pHELP (Applied Viromics, Fremont, CA, USA) and pAAV 2/8 (University of Pennsylvania) as described.^[@bib17]^ Virus in cell lysates was isolated by ultracentrifugation, and viral particles were quantitated by real-time PCR. Vector (200 μl, 1 × 10^12^ viral particles) was given to 10-week-old mice via tail-vein, followed by 200 μl of 0.9% sterile NaCl.

Intracerebral injection
-----------------------

BChE KO mice (10-week-old) were anesthetized with 50 mg kg^−1^ pentobarbital, and 10 μl of AAV--BChE containing 1.5 × 10^12^ viral particles was delivered (1 μl min^−1^) in two injections, bilaterally targeting the hypothalamic arcuate nucleus. Intracerebral injection was performed on a Kopf stereotaxic frame with mouse adapters at coordinates: *A*=2.1 mm, *L*=0.5 mm, *V*=5.0 MM. Cannulae were left in place for 3 min and then withdrawn.

Body composition and food intake
--------------------------------

Fat mass and lean mass were assessed in an EchoMRI-100 body composition analyzer (EchoMRI LLC, Houston, TX, USA). Food intake was determined daily for 2 weeks in singly housed mice with cage bedding replaced by \'Iso-pads\' in order to account for every grain of residual food.

Plasma analysis
---------------

Random-fed samplings were made between 0900 and 1000 hours, and fasting samples were obtained at 1400 hours after 6 h of food deprivation. Blood glucose concentrations were measured by blood glucometers from mouse tail tips (Bayer HealthCare, Mishawaka, IN, USA). Other parameters were measured from plasma. Blood (\~0.2 ml) was taken by cheek puncture with a mouse-lancet in ice-cooled EDTA tubes and centrifuged for 10 min at 8000 *g*. Insulin concentrations were measured by an ELISA kit (Alpco, Salem, NH, USA). BChE activity was determined by Ellman assay as described previously.^[@bib18]^ Ghrelin samples were taken after 16 h fasting and collected in cooled EDTA-treated tubes with 0.1 vol of 1N HCl, protected by proteinase inhibitors (1 mM p-hydroxymercuribenzoic acid; Sigma-Aldrich, St Louis, MO, USA and 1.5 μ[M]{.smallcaps} aprotinin; Roche). Samples were centrifuged 10 min at 8000 *g* and stored at −80 °C. ELISA kits were used to measure ghrelin and desacyl-ghrelin levels (Cayman Chemical, Ann Arbor, MI, USA).

Glucose tolerance test and insulin tolerance test
-------------------------------------------------

Six-hour-fasted mice were given 1.0 g kg^−1^ of glucose (for glucose tolerance test) or 0.75 U kg^−1^ of Eli Lilly human insulin (for insulin tolerance test) by intraperitoneal injection. Blood glucose concentration was monitored before and 15, 30, 60, 90 and 120 min after injection. Mice were single-caged in random order.

Histochemical BChE detection
----------------------------

Cryostat brain sections (14 μm) were fixed in 4% paraformaldehyde (pH 7.4) for 30 min. BChE activity was examined by Koelle--Friedenwald histochemistry with minor modification.^[@bib19]^ Brain sections were incubated overnight in a copper glycinate medium (pH 5.0) containing 3 m[M]{.smallcaps} copper sulfate, 10 m[M]{.smallcaps} glycine, 35 m[M]{.smallcaps} sodium acetate, 3 m[M]{.smallcaps} butyrylthiocholine and 200 μ[M]{.smallcaps} 1,5-bis(4-allyldimethylammoniumphenyl) pentan-3-one dibromide (BW284C51; Sigma-Aldrich). After four cycles of rinsing with distilled water, slices were incubated in 160 m[M]{.smallcaps} sodium sulfide buffer (pH 7.5) for 30 min, followed by another four water rinses. The reaction was finished up in 1% silver nitrate for 30 min. Rinsed sections were air-dried and mounted in EZ-Mount mounting medium (Thermo Scientific, Waltham, MA, USA). Images were captured on a light microscopic (Carl Zeiss Microscopy GmbH, Jena, Germany).

Data analysis
-------------

Two-group comparisons were conducted with a two-tailed *t-*test, and *P*\<0.05 was considered significant. Daily food intake data were analyzed by two-factor mixed analysis of variance followed by Holm--Sidak multiple comparison tests.^[@bib20]^ Sample sizes (10 mice per group) were chosen in light of our previous experiments of similar design and supported by previous power analysis. The variation of measured responses was similar within treatment groups.

Results
=======

BChE expression in vector-treated KO mice
-----------------------------------------

As we and others have consistently observed excess body weight in BChE KO male mice on high-fat diets, we hypothesized that both central and peripheral BChE must have an impact on fat metabolism. To test this idea, we treated BChE KO mice with AAV vector for mouse BChE in two ways: (1) via tail-vein (intravenous, i.v.), which led to high levels of circulating BChE and (2) double injections (i.v. and intracerebral (i.c.)), which generated abundant BChE in both peripheral and central tissues ([Table 1](#tbl1){ref-type="table"} and [Figure 1](#fig1){ref-type="fig"}). A rich diet (45% calorie fat) was provided to age-matched wild-type and BChE KO mice from 4 weeks of age. Vectors were injected when the mice reached 10 weeks. Vector carrying the Luc gene served as another treatment control. Sham injection with i.c. saline was carried out in the single i.v. injection group. Giving BChE vector to KO mice led to stably high enzyme expression in plasma (\>50 U ml^−1^), well above natural levels in wild-type controls (\~1.6 U ml^−1^, [Table 1](#tbl1){ref-type="table"}). Accompanying the high BChE expression was a large drop in plasma acyl ghrelin, and a comparable rise in desacyl-ghrelin, altering the ratio between the two peptides ([Table 1](#tbl1){ref-type="table"}). Activity staining of coronal brain sections revealed widespread BChE expression in most brain areas, with highest levels in the triangular septal nucleus, striatum, thalamus and hypothalamus, but much lower levels in the cortex ([Figure 1](#fig1){ref-type="fig"}).

Body composition and food intake
--------------------------------

We assessed the effect of vector treatments on body mass and composition over time. In the first week after vector injections, the mice in all groups showed similar and minor weight losses. This effect, likely owing to surgical stress, dissipated within 6 days ([Figure 2a](#fig2){ref-type="fig"}). After 18 weeks, however, the KOs given no BChE vector were 45% heavier than those at the outset. In contrast, over the same period, weight gain was only 20% in the mice given BChE vector, i.v., or i.v.+i.c., ([Figure 2b](#fig2){ref-type="fig"}). The excess weight gain in mice with no BChE was almost exclusively due to an abnormal increase in fat mass, which was 60% greater than in wild-type controls and BChE vector-treated KO mice ([Figure 2c](#fig2){ref-type="fig"}). Terminal tissue harvests revealed that inguinal but not epididymal fat pads were substantially heavier in untreated KO mice than in wild type, but they were equivalent to the normal controls in the vector-treated KO mice ([Figure 2d](#fig2){ref-type="fig"}).

Careful assessment of daily food intake throughout the 2-week study confirmed that untreated KO mice ate more food than wild-type controls and vector-treated KO mice ([Figure 3a](#fig3){ref-type="fig"}). Average weekly caloric intake in the KO group was \~10% more than the other three groups ([Figure 3b](#fig3){ref-type="fig"}). Double vector injections (i.c.+i.v.) had no added effect on energy consumption compared with single i.v. injections.

Glucose homeostasis
-------------------

Human obesity is strongly associated with type 2 diabetes, but despite the aberrant body weights in our fat mice, their fasting blood glucose remained closely similar to those in wild-type and vector-treated KO mice ([Figure 4a](#fig4){ref-type="fig"}). However, when we challenged fasted animals with intraperitoneal glucose (1.0 g kg^−1^), the KO mice given double BChE vector treatments (i.v. and i.c.) cleared injected sugar faster than singly treated cohorts (i.v. only, [Figure 4b](#fig4){ref-type="fig"}). This effect was reflected in an \~20% reduction in \'area under the curve\' relative to wild-type control and untreated KO ([Figure 4c](#fig4){ref-type="fig"}). In contrast, KO mice singly treated with i.v. AAV--BChE vector exhibited no differences in glucose tolerance as compared to the KO and wild-type mice that received no vector ([Figures 4b and c](#fig4){ref-type="fig"}). Because insulin strongly affects blood glucose, we followed its levels during the glucose tolerance test. After glucose administration, insulin rose noticeably in the untreated and i.v vector-treated KO mice after glucose administration but not in the double i.v. and i.c. treated KO ([Figure 4d](#fig4){ref-type="fig"}).

Further study showed that BChE KO mice developed a hyperinsulinemia that persisted in both fed and fasting status ([Figure 5a](#fig5){ref-type="fig"}). Likewise, KO mice given only i.v. AAV--BChE treatment also showed elevated insulin levels ([Figure 5a](#fig5){ref-type="fig"}) and were less sensitive than wild-type controls in the insulin tolerance test ([Figures 5b and c](#fig5){ref-type="fig"}). This outcome implies that, despite healthy body weight and normal food intake, our singly treated mice still became diabetic. In contrast, doubly treated mice (i.v.+i.c.) retained fed and fasting insulin levels comparable to wild-type cohorts, and were also similar in their response to insulin ([Figures 5b and c](#fig5){ref-type="fig"}).

Discussion
==========

Our study showed that diet-induced metabolic lesions in BChE KO mice were fully rescued by simultaneous enzyme overexpression in the brain as well as in the bloodstream. The outcomes of systemic vector alone contrasted strikingly with dual treatment with systemic and cerebral vector. We think this result points to an unexpected role for brain BChE. Thus, in systemically treated KO mice, high circulating BChE is able to bring down plasma ghrelin levels and suppress overweight and overeating. Nevertheless, these healthy lean KO mice that lacked brain BChE still developed diabetic symptoms of hyperinsulinemia and impaired insulin sensitivity. In contrast, coupling systemic with i.c. injection provided widespread BChE expression in the brain and erased all obesity-induced perturbations in glucose and insulin tolerance.

Body mass differences in this study were almost exclusively due to altered fat mass. This outcome aligns well with our previous report that BChE has a sparing effect on lean mass.^[@bib15]^ That effect likely reflected altered ghrelin signaling in peripheral and central systems. Ghrelin originates largely from the stomach, but it signals to the brain through multiple pathways.^[@bib21]^ Ghrelin is also produced in certain brain regions, including the hypothalamus, and it activates NPY/AgRP neurons that stimulate feeding and decrease energy expenditure.^[@bib22],\ [@bib23]^ The hypothalamus is critical in relaying afferent signals from the gut and brainstem and in processing efferent signals that modulate food intake and energy expenditure.^[@bib24],\ [@bib25]^ There are three possible pathways for BChE to influence ghrelin\'s appetite-inducing effect. First, circulating BChE can hydrolyze ghrelin in the bloodstream before it crosses the blood--brain barrier. Second, central BChE can regulate ghrelin produced locally in the hypothalamus where it may directly affect various hypothalamic nuclei. Third, BChE in the stomach may reduce the ghrelin signaling that reaches the brain via the afferent vagal nerve to the central motor vagus nuclei.

High-fat feeding leads to weight gain and obesity^[@bib26]^ and is also associated with insulin resistance.^[@bib27]^ Although our glucose tolerance and insulin tolerance tests showed impaired glucose clearance and reduced insulin sensitivity in BChE KO mice, blood glucose levels were essentially normal. As in many other diabetic models,^[@bib28]^ impaired insulin sensitivity in the BChE KO mice was associated with increased insulin levels and secretion in response to a glucose challenge. We saw much better glucose homeostasis in the bilaterally treated KO mice, evidenced by increased glucose disposal, decreased insulin secretion and increased sensitivity to insulin injection. The improved insulin responsiveness in vector-treated BChE KO mice may be due to the altered central ghrelin levels and the sensitivity of its receptor. Ghrelin inhibits insulin release in mice, rat and humans.^[@bib29]^ Ablation of ghrelin or its receptor enhances insulin release and prevents impaired glucose tolerance in high-fat diet-induced obese mice.^[@bib30],\ [@bib31]^ Ghrelin removal also improves diabetic symptoms in genetically leptin-deficient mice.^[@bib32],\ [@bib33]^ Overexpressing BChE in the brain, especially in the hypothalamus, may re-sensitize ghrelin\'s receptor and thereby maximize glucose-induced insulin release, enabling insulin secretion to meet the high demand associated with diet-induced obesity.

Neuronal pathways link the central nervous system with the autonomic innervation of the endocrine pancreas, which controls glucose homeostasis.^[@bib34]^ Cholinergic pathways have an important role in maintaining energy and glucose homeostasis.^[@bib35],\ [@bib36]^ The cholinergic vagus nerve has been shown to stimulate insulin secretion and pancreatic cell proliferation.^[@bib37],\ [@bib38]^ It is plausible that, under a long-term high-fat diet, BChE, despite low efficiency in hydrolyzing acetylcholine, may modulate the cholinergic pathway for insulin secretion and consequently aid glucose homeostasis.

Our studies suggest that elevating BChE expression with AAV vector will have beneficial effects in controlling food intake and obesity-related disorders, and may be of future clinical value. A large excess of BChE in the blood and brain caused no obvious deficiency of cognition or motor function in our mice. In fact, for other reasons we have conducted extensive toxicology studies on the same viral vector without finding any physiologic effect from BChE enzyme or its viral host in healthy mice.^[@bib39]^ For that reason, a role for BChE in regulating insulin sensitivity was unexpected and has not yet been rigorously defined. However, this role may well be to serve in modulating ghrelin levels and ghrelin receptor sensitivity to affect lipid metabolism. If so, BChE expression vectors may prove effective as therapeutics for obesity, type 2 diabetes and related conditions.

The present study has provided unexpected evidence that BChE in the central brain may have important roles in clearing blood glucose and modulating insulin sensitivity. We recognize a few limitations of our work. One is that different viral vector doses were used for the i.v. and i.c. treatments that led to altered plasma levels of BChE and ghrelin. Second, the specific areas of the brain crucial to BChE's central role remain to be pinpointed, although the hypothalamus and dorsal motor nuclei of the vagus nerve are likely involved. Third, the role of ghrelin and its receptor sensitivity in the BChE KO mice model is worth pursuing with genetic approaches. Fourth, new viral vectors with improved CNS access need study to obviate the invasiveness of intracranial vector delivery. Finally, it should be of great interest to pinpoint other pathways by which BChE may have an impact on diet-induced obesity.
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![BChE activity in brains of wild-type and BChE KO mice with and without BChE gene transfer. (**a**) Overview of BChE activity in coronal brain sections from 7-month-old mice with the indicated treatments given 5 months previously. Note that even wild-type mice express very moderate BChE activity. (**b**) Higher-magnification images of cortex, triangular septal nucleus, striatum, thalamus and hypothalamus from the double injections of AAV--BChE from i.v. and i.c. Ts, triangular septal nucleus; SFO, subfornical organ; CPu, caudate putamen; GP, globus pallidus; PVA, paraventribular thalamic nucleus; PT, paratenial thalamic nucleus; VMHC, ventromedial hypothalamic nucleus; ARC, arcuate hypothalamic nucleus.](ijo2017123f1){#fig1}

![Effect of high-fat diet on weight and body composition in wild-type and BChE KO mice fed a 45-calorie high-fat diet from the age of 4 weeks and given vectors at 10 weeks. (**a**) Time course of body weight in mice transduced with BChE or AAV-Luc by single i.v. injection or combined i.v.--i.c. injections. (**b**) Body weights at time of necropsy (7 months). (**c**) Terminal fat and lean mass across entire body. (**d**) Terminal fat mass in key adipose tissues. Results are means±s.e.m. (*n*=10 per group). \*\**P*\<0.01, \*\*\**P*\<0.001 versus wild-type control; ^\#\#\#^*P*\<0.001 versus BChE KO treated with AAV-Luc control.](ijo2017123f2){#fig2}

![Daily caloric intake in single-housed mice. (**a**) Caloric intake of individual 5-month-old mice was measured every day for 14 days. (**b**) Cumulative food intake for 1 week. Results are means±s.e.m. (*n*=10 per group). \*\**P*\<0.01, \*\*\**P*\<0.001 versus wild-type control; ^\#^*P*\<0.05 versus BChE KO treated with AAV-Luc control; n.s., not significant.](ijo2017123f3){#fig3}

![Blood glucose and glucose tolerance. (**a**) Blood glucose in 6-month-old mice on random feeding (measured at 1000 hours) or after 6 h of fasting (1400 hours). (**b**--**d**) Blood glucose levels, area under the curve (AUC) and blood insulin levels during glucose tolerance testing (intraperitoneal (i.p.) 1.0 g kg^−1^ glucose) when mice were 5 months of age. \*\**P*\<0.01 versus wild-type control; ^\#^*P*\<0.05 versus BChE KO treated with AAV-Luc control.](ijo2017123f4){#fig4}

![Insulin levels and insulin tolerance. (**a**) Plasma insulin in 6-month-old random-fed animals was measured at 1000 hours or after 6 h fasting (1400 hours). (**b**, **c**) Blood glucose response to bolus insulin (0.75 U kg^−1^, i.p.) and corresponding area under the curve. \**P*\<0.05 versus wild-type control; \*\**P*\<0.01 versus wild-type control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 versus BChE KO treated with AAV-Luc control.](ijo2017123f5){#fig5}

###### Serum parameters in wild-type, BChE KO, i.v. AAV--BChE-treated and i.v. plus i.c. AAV--BChE double-treated BChE KO mice

                                *Wild type*   *KO i.v.+i.c. AAV-Luc*                *KO i.v. AAV--BChE*                                                  *KO i.v.+i.c. AAV--BChE*
  ----------------------------- ------------- ------------------------------------- -------------------------------------------------------------------- ---------------------------------------------------------------------
  BChE (U ml^−1^)               1.6±0.1       0[a](#t1-fn3){ref-type="fn"}          54.3±17.1^[a](#t1-fn3){ref-type="fn"},[b](#t1-fn4){ref-type="fn"}^   196.5±30.3^[a](#t1-fn3){ref-type="fn"},[b](#t1-fn4){ref-type="fn"}^
  Acyl ghrelin (pg ml^−1^)      674±64        779±97                                457±68^[a](#t1-fn3){ref-type="fn"},[b](#t1-fn4){ref-type="fn"}^      207±44[a,b](#tbl1){ref-type="table"}
  Desacyl-ghrelin (pg ml^−1^)   1698±118      1362±124[a](#t1-fn3){ref-type="fn"}   1838±75[b](#t1-fn4){ref-type="fn"}                                   2018±61[b](#t1-fn4){ref-type="fn"}
  Desacyl/acyl ghrelin ratio    2.6±0.2       1.8±0.1[a](#t1-fn3){ref-type="fn"}    4.8±0.7^[a](#t1-fn3){ref-type="fn"},[b](#t1-fn4){ref-type="fn"}^     18.7±6.0[a,b](#tbl1){ref-type="table"}

Abbreviations: AAV, adeno-associated virus; BChE, butyrylcholinesterase; i.c., intracerebral; i.v., intravenous; Luc, luciferase.

Circulating concentrations were measured in 5-month-old mice after 4 months of high-fat diet feeding. Results are means±s.e.m. (*n*=10 per group). Statistical significance was assessed by two-tailed Student's *t-*test.

*P*\<0.05 versus wild-type control.

*P*\<0.05 versus BChE KO treated with AAV-Luc control.
